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Rapid inhibition of neural excitability in the nucleus tractus
solitarii by leptin: implications for ingestive behaviour

K. W. Williams! and B. N. Smith"2

! Neuroscience Program and ? Department of Cell and Molecular Biology, Tulane University, New Orleans, LA 70118, USA

The fat-derived peptide leptin regulates cellular activity in areas of the CNS related to
feeding, and application of leptin to the fourth ventricle or the nucleus tractus solitarii
(NTS) inhibits food intake and weight gain. The hypothesis that leptin modulates cellular
activity in the NTS was tested using whole-cell patch-clamp recordings in brainstem slices.
Leptin caused a rapid membrane hyperpolarization in 58% of rat NTS neurones, including
neurones receiving tractus solitarius input (i.e. viscerosensory) and those involved in regulating
output to the stomach, identified after gastric inoculation with a transneuronal retrograde viral
label. The hyperpolarization was accompanied by a decrease in input resistance and cellular
responsiveness, reversed near the K* equilibrium potential, and was prevented by intracellular
Cs*. Perfusion of tolbutamide (200 ;M) or wortmannin (100-200 nMm) prevented the hyper-
polarization, indicating activation of an ATP-sensitive K* channel via a PI3 kinase-dependent
mechanism. Constant latency tractus solitarius-evoked EPSCs were decreased in amplitude by
leptin, and the paired-pulse ratio was increased, suggesting effects on evoked EPSCs involved
activation of receptors on vagal afferent terminals. Leptin reduced the frequency of spontaneous
and miniature EPSCs, whereas IPSCs were largely unaffected. Leptin’s effects were observed
in neurones from lean, but not obese, Zucker rats. Neurones that expressed enhanced green
fluorescent protein (EGFP) in a subpopulation of putative GABAergic neurones in transgenic
mice did not respond to leptin, whereas unlabelled murine neurones responded similarly to rat
neurones. Leptin therefore directly and rapidly suppresses activity of excitatory NTS neurones
likely to be involved in viscerosensory integration and/or premotor control of the stomach.
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The homeostatic regulatory peptide leptin is the product
of the obese gene (Ob) and is produced largely by adipose
cells (Zhang et al. 1994), with additional production by
skeletal muscle (Wang et al. 1998) and the fundus of
the stomach (Bado et al. 1998). Intraperitoneal (1.p.) and
intracerebroventricular (1.c.v.) injection of leptin reduces
food intake and weight gain in rats (Halaas et al. 1995;
Seeley et al. 1996; Grill et al. 2002). A leptin-induced,
modulation of neuronal activity has been observed in
diencephalic and brainstem nuclei associated with feeding
and autonomic regulation (Woods & Stock, 1996; Elmquist
et al. 1997; Spanswick et al. 1997; Powis et al. 1998; Cowley
et al. 2001; Schwartz & Moran, 2002). These data have led
to speculation that leptin regulates energy homeostasis by
acting on neural circuits associated with feeding.

The dorsal vagal complex (DVC), a major autonomic
centre in the caudal brainstem, includes area postrema
(AP), dorsal motor nucleus of the vagus (DMV), and
nucleus tractus solitarii (NTS). Caudal NTS subnuclei
receive and process viscerosensory information from
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thoracic and abdominal viscera. The NTS is reciprocally
connected with various brain areas, including
brainstem and hypothalamic areas that regulate appetitive
functions (Kalia & Sullivan, 1982; Sawchenko, 1983).
Additionally, the NTS contains fenestrated capillaries,
potentially allowing circulating peptides access to the
nucleus (Gross et al. 1990; Gross et al. 1991). Thus,
neurones in the NTS process information arising from a
variety of neural and humoral sources. It is therefore in
a prime position to rapidly modify ingestive behaviour
in direct response to transiently altered plasma levels of
leptin, as occurs with leptin’s diurnal rhythm or when
fasted animals are fed (Saladin et al. 1995; Kolaczynski
et al. 1996).

Leptin receptor RNA and protein are found in brain
areas involved in feeding regulation, including the DVC
(Elmquist et al. 1998; Shioda et al. 1998; Grill et al.
2002). Accordingly, increases in c-fos expression have been
reported in the NTS 2—6 h after peripheral or central leptin
administration (Elmquist et al. 1997; Elias et al. 2000).
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Fourth ventricle administration of leptin reduces food
ingestion and weight gain within 24 h and these effects
are mimicked by microinjection of the peptide into the
NTS (Grill et al. 2002). Also, increases in NTS unit activity
have been observed 2 h after peripheral or third ventricle
administration of leptin (Yuan ef al. 1999; Schwartz &
Moran, 2002). These results implicate a role for the DVC
in the feeding modulation attributed to leptin. However,
these studies were performed on a long time scale and did
not address possible direct cellular effects of leptin within
the NTS, which appear likely but have never been studied.

In the present study, the hypothesis that leptin rapidly
modulates cellular activity by direct action in the NTS
was tested using whole-cell recordings in medullary slices
from rats and transgenic mice. Acute effects of leptin
were assessed on intrinsic membrane properties and
synaptic responses in NTS neurones, including subsets of
second order viscerosensory cells, putative gastric-related
premotor neurones, and GABAergic neurones.

Methods
Animals

Adult male (21- to 60-day-old) Sprague-Dawley rats
(Harlan, Indianapolis, IN, USA), lean and obese Zucker
rats (a gift from Dr J. Porter, LSU School of Dentistry, New
Orleans, LA, USA), and transgenic mice that expressed
enhanced green fluorescent protein (EGFP) under control
of the GAD67 promoter allowing for identification of
a subpopulation of GABAergic Inhibitory Neurones
(i.e. GIN mice) (Oliva et al. 2000) were used for these
experiments. Animals were housed in a vivarium under
a 12h light-dark cycle with food and water available
ad libitum. The Tulane University Animal Care and Use
Committee approved all animal procedures.

Retrograde transsynaptic neuronal tracing

Use of a transsynaptic retrograde label using pseudo-
rabies virus (Bartha strain: PRV-152; a gift from L. W.
Enquist, Princeton University) expressing EGFP has been
extensively described (Smith et al. 2000; Irnaten et al.
2001; Davis et al. 2003; Glatzer et al. 2003; Derbenev et al.
2004; Glatzer & Smith, 2005). Under sodium pentobarbital
anaesthesia (50 mgkg™', 1.p.), rats received injections of
PRV-152 (2 x 10® pfuml™!) directed tangentially into the
musculature of the greater curvature of the stomach using
a Hamilton syringe fitted with a 26-gauge needle. Rats
were maintained in a biosafety level 2 laboratory for up
to 75h post-injection, at which time the incidence of
transsynaptic labelling in the NTS has peaked (Glatzer et al.
2003). This type of injection results in a relatively selective
and sequential transsynaptic labelling of NTS neurones
related to gastric motor control (Card et al. 1993; Rinaman
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et al. 1993; Glatzer et al. 2003). It has previously been
shown that injection into the lumen, on the gastric surface,
or intraperitoneal injection (i.e. not intramuscular) does
not result in specific uptake of the virus into the DVC
in this time frame. Recordings in this study were limited
to infection times < 75h, a time at which no apparent
degradation of membrane or synaptic properties has been
identified (Card et al. 1993; Rinaman et al. 1993; Smith
et al. 2000; Irnaten et al. 2001; Davis et al. 2003; Glatzer
et al. 2003; Derbenev et al. 2004; Glatzer & Smith, 2005).

Tissue preparation

Whole-cell patch-clamp recordings were made in trans-
verse brainstem slices (300-400 um) containing the NTS
from rats or mice (21-60 days old). Under deep anaesthesia
(sodium pentobarbital; 100 mgkg™', 1.r.) or halothane
inhalation, animals were decapitated and the brainstem
removed and immersed in ice-cold (0-4°C), oxygenated
(95% 0,—-5% CO,) artificial cerebrospinal fluid (ACSF)
containing (mm): 124 NaCl, 3 KCI, 26 NaHCO;, 1.4
NaH,PO,, 11 glucose, 1.3 CaCl,, and 1.3 MgCl,,
pH 7.3-7.4, with an osmolality of 290-305 mosmol kg™"'.
The brainstem then was mounted on a glass stage and
transverse slices were cut with a vibratome. The slices were
then transferred to a submersion-type recording chamber
mounted on a fixed-stage platform under an upright
microscope (Olympus BX50WI, Melville, NY, USA).
After an equilibration period of 1-2h, whole-cell
patch-clamp recordings were obtained from neurones in
the NTS using patch pipettes with open tip resistance of
2-5 MQ. Seal resistance was 1-5 GS2 and series resistance
was < 24 M€, uncompensated. Patch pipettes were filled
with (mm): 130-140 potassium or caesium gluconate, 1
NaCl, 5 EGTA, 10 Hepes, 1 MgCl,, 1 CaCl,, 3 KOH or
CsOH, 2—4 ATP; biocytin, 0.2%; pH 7.2. Added to the
ACSEF for specific experiments were: tetrodotoxin (TTX;
2 um; Sigma, St Louis, MO, USA or Alomone Laboratories,
Jerusalem, Israel), 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX; 10 pum; Sigma), bicuculline methiodide (30 um;
Sigma), picrotoxin (PTX; 50-100 um; Sigma), DL-2-
amino-5-phosphono-valeric acid (APV; 50 um; Sigma),
tolbutamide (200 pm; Sigma), wortmannin (100-200 nm;
Alomone Laboratories), and leptin (10 nm to 1 pm; Sigma;
or PeproTech, Rocky Hill, NJ, USA). Wortmannin was
dissolved in dimethylsulphoxide (DMSO) as a 5-mm stock
solution and added to ACSF to obtain a final DMSO
concentration of < 0.01%. Tolbutamide was dissolved
in 100% ethanol, with the final ethanol concentration
in ACSF of < 0.5%. Leptin was reconstituted in 15 mm
HCI, pH normalized with NaOH. For all solvents, vehicle
alone at the final concentration was without effect
in separate recordings from NTS neurones. All other
drugs were dissolved directly in the ACSE Recording
pipettes were pulled from borosilicate glass capillaries
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of 1.65 mm outer diameter and 0.45 mm wall thickness
(Garner Glass Co., Claremont, CA, USA). Electro-
physiological signals were recorded using an Axopatch
200B amplifier (Axon Instruments, Union City, CA,
USA), low-pass filtered at 5kHz, digitized at 88 kHz
(Neuro-corder, Cygnus Technology, Delaware Water Gap,
PA, USA), stored on videotape, and analysed off-line
on a PC with pCLAMP programs (Axon Instruments)
or Mini-analysis (Synaptosoft, Decatur, GA, USA).
Recordings were performed under visual control in a
recording chamber on an upright, fixed-stage microscope
equipped with infrared differential interference contrast
(IR-DIC) and epifluorescence to identify non-labelled and
EGFP-labelled cells (Olympus BX50WTI). Epifluorescence
was briefly used to target fluorescent cells, at which
time the light source was switched to IR-DIC to
obtain the whole-cell recording. Once in the whole-cell
configuration, cells were voltage clamped for 5 min near
resting membrane potential (determined by temporarily
removing the voltage clamp) to allow equilibration of
recording pipette contents with the intracellular milieu.
Synaptic currents were examined at holding potentials
positive and negative to resting membrane potential (—30
to 0mV for IPSCs and —60 to —80mV for EPSCs).
Current-clamp (i.e. voltage) recordings were performed at
resting membrane potential. Input resistance was assessed
by measuring voltage deflection at the end of the response
to injected rectangular current pulses (100-500 ms of
+10-50 pA).

Stimulation and recording

Electrical stimulation of primary afferents was performed
using a concentric bipolar electrode (125 pum outer
diameter, 12.5 um inner diameter; FHC, Bowdoinham,
ME, USA) placed over the tractus solitarius (TS). The
stimulus intensity required for minimum response was
determined and then the intensity increased until the
response was consistently obtained over 10 consecutive
stimuli at 4-5s intervals (0.20-0.25Hz). At these
stimulation intervals, the EPSC amplitude was consistent
from pulse to pulse, indicative of full recovery before
application of subsequent stimuli. Pairs or trains of
stimuli (25-50 Hz interpulse frequency) were applied to
establish constant latency, high frequency following, and
frequency-dependent suppression of EPSC amplitude,
characteristics of putative monosynaptic visceral afferent
input to NTS neurones (Miles, 1986; Smith et al. 1998;
Doyle & Andresen, 2001).

Analysis

A value of twice the mean peak-to-peak noise level
for a given recording in control solutions was used as
the detection limit for minimum postsynaptic current
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(PSC) amplitude (i.e. typically ~5 pA). For spontaneous
excitatory and inhibitory PSCs (i.e. SEPSCs and sIPSCs),
at least 2 min of activity was examined to identify leptin
effectsonamplitude and frequency distributions. Effects of
leptin on spontaneous PSC frequency before, during and
after drug application were analysed within a recording
using the Kolmogorov-Smirnov test. Typically 100-300
events were compared in order to obtain statistical
significance with this test. Pooled results from responding
cells were analysed using Student’s ¢ test for paired data;
multiple groups of cells were compared using ANOVA.
Proportions of responding cells from different groups
were analysed using a x? test of independence. Effects of
leptin on spontaneous PSC amplitude and evoked PSC
amplitude were analysed using a paired two-tailed ¢ test.
Measurements of 5-10 electrically evoked responses were
used to obtain mean synaptic current amplitudes. Paired
pulse ratios (PPR) were used as indirect measures of
changes in the probability of release, in which a change
in the amplitude ratio of the first to the second response
to paired TS stimuli implied a presynaptic site of action.
Membrane potential values were compensated to account
for junction potential (—8 mV). Results are reported as
the mean = standard error of the mean (s.e.M.) unless
indicated otherwise; significance was set at P < 0.05 for
all statistical measures.

Histology

Recorded neurons were identified as EGFP-labelled as
previously described (Smith et al. 2000; Glatzer et al.
2003; Glatzer & Smith, 2005) via real-time visualization
under fluorescence microscopy and/or via post hoc
identification utilizing the avidin-Texas Red reaction
(Fig. 1). Subsequent to recording, slices were fixed in
4% paraformaldehyde in 0.15 M sodium phosphate buffer
overnight. After rinsing 3x with 0.01 M phosphate
buffered saline (PBS), EGFP-labelled slices (PRV-152
rat and GIN mice) containing recorded, biocytin-filled
neurones were immersed in Texas Red-conjugated avidin
(1:400; Vector Laboratories, Burlingame, CA, USA) to
visualize the filled neurones. Slices were then washed
in PBS, mounted on glass slides, and visualized using
epifluorescence illumination (Leica DMLB) and a Spot RT
CCD camera (Diagnostic Instruments, Sterling Heights,
MI, USA) or a confocal microscope (Zeiss LSM 510
META).

Results
Membrane properties of NTS neurones

Whole-cell patch-clamp recordings were made in 155
caudal NTS neurones. One hundred and ten NTS
neurones were from Sprague-Dawley rats (16 PRV-152
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EGFP-labelled and 94 unidentified), 15 were from lean
Zucker rats, and 17 from obese Zucker rats. Another seven
cells expressed EGFP under the transcriptional control of
the GAD67 promoter in GIN mice, and six non-EGFP
expressing neurones were recorded from the same GIN
mice. The labelled neurones in the GIN mice are hereafter
referred to as GAD67/EGFP-expressing. When Kt was
used as the major cation in the recording pipette, NTS
neurones in Sprague-Dawley rats (n = 100) had a resting
membrane potential of —60.2 + 1.0 mV, a mean input
resistance of 767.9 £ 57.8 M2, and overshooting action
potentials.

When compared to values obtained from unidentified
NTS neurones (—60.94+1.1mV; 765.07 +67.6 MQ;
n=284), no significant variation was observed for
resting membrane potential and input resistance in
PRV-152 EGFP-labelled neurones (—59+2.9mV;
801.0 £ 227.8 M2; not significant (NS)), neurones from
lean Zucker (—60.0 4.3 mV; 601.4 + 146.8 M2; NS),
or obese Zucker rats (—59.9 + 3.5 mV; 539.0 + 98.8 MQ;
NS). In addition, the resting membrane potential and
membrane input resistance of GAD67/EGFP-expressing
neurones in GIN mice (—61.3+54mV and
1026.5 £ 234.2 M2, respectively) were not statistically
different from neurones that did not express GAD67/EGFP
in the same mice (—59.3 3.9 mV; 1156.3 +291.2 MQ;
NS). NTS neurones from rats and mice both received
EPSCs and IPSCs, which could be blocked by application
of ionotropic glutamate receptor antagonists (i.e. CNQX
and AP5) or GABA, receptor antagonists (i.e. picrotoxin
or bicuculline), respectively, as previously described
(Smith et al. 1998; Smith et al. 2002; Glatzer et al. 2003;
Davis et al. 2004; Glatzer & Smith, 2005). There were
no statistically significant differences in these measures
between different neuronal groups or neurones from rats
and mice (P > 0.05, ANOVA, repeated measures).

Effects of leptin on membrane potential

In order to analyse leptin effects on membrane potential,
NTS neurones from rats were recorded at rest in
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current-clamp mode. Alternatively, neurones recorded
in voltage-clamp mode were transiently monitored for
changes in resting membrane potential by periodically
removing voltage clamp (i.e. switch to I =0) to monitor
resting membrane potential. Bath application of leptin
(100 nm) caused a rapid (range = 2—-10 min) membrane
hyperpolarization of —7.8 £0.8 mV from rest in 33 of
60 unidentified NTS neurones from Sprague-Dawley rats
(Fig. 2). Within a recording, the hyperpolarization was
at least partially reversible within 15 min in 24 neurones
and repeatable in subsequent applications in 10 neurones.
The membrane potential of the remaining neurones
either depolarized (3.6 £0.7mV; n=28) or remained
unchanged (—0.2£0.3mV; n=19). Application of
different concentrations of leptin from 10 to 300 nm
resulted in a concentration-dependent hyperpolarization
of the membrane potential (Fig. 2). The hyperpolarization
induced by leptin (100 nm) was observed in the presence
of TTX (2 pum; —4.9 & 0.5 mV; 5 of 7 cells), indicative of a
direct membrane hyperpolarization independent of action
potential-mediated synaptic transmission.

The amplitude of the hyperpolarization was plotted as a
function of the resting membrane potential at the time of
leptin application. Extrapolation of linear regression plots
revealed an estimated reversal potential of —95.6 mV for
the hyperpolarization (n = 33; Fig. 2), which is near the
calculated K* equilibrium (calculated Ex = —99.7 mV).
Additionally, no change in membrane potential was
observed in any neurones in which Cs* was used as the
major cation in the recording pipette (—0.2+0.1 mV;
n=10), indicating K™ as the major cation responsible for
the membrane hyperpolarization. Unidentified rat NTS
neurones (n=13) were voltage-clamped at membrane
potentials between —50 and —70mV, and changes in
whole cell current were monitored during bath application
of leptin. Twelve of these neurones displayed a change in
whole-cell current subsequent toleptin application. Super-
fusion ofleptin (100 nm) resulted in an outward current in
90f13 cells (+-10.4 & 3.4 pA). The remaining cells showed
either a very small inward current (—4.0 & 1.5 pA; n=3)
or were unaffected (0 pA; n=1). These data suggested

Figure 1. NTS neurones which expressed
enhanced green fluorescent protein (EGFP) were
visualized and targeted for whole-cell recordings
A, fluorescence illumination of a gastric-related
EGFP-labelled NTS neurone targeted for recording.

B, image of the same biocytin-filled neurone, visualized
using filters for Texas Red—Avidin. Arrows point to the
targeted neurone in both images.
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that leptin rapidly induced a K*-dependent membrane
hyperpolarization, and resulted in an outward current in
the majority of rat NTS neurones.

Obese Zucker rats (fa/fa) have a single point mutation
in the long form of the leptin receptor (Ob-Rb), which
reduces activation of intracellular signalling cascades
subsequent to leptin binding, whereas the homozygous
(Fa/Fa) and heterozygous lean Zucker rats (Fa/fa) have
functional Ob-Rb signalling. A hyperpolarization was
observed after leptin application (100nm) in 5 of 6
neurones from lean Zucker rats (—4.8 £1.9mV; n=>5;
Fig. 2). However, no effect of leptin on membrane potential
was detected in any neurone from obese Zucker rats
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8 *% p<0.05 vs unidentified mouse
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(—0.1£0.2mV; n=7), implicating the leptin receptor in
the response.

Leptin effects on neuronal excitability

In current clamp configuration, rectangular current steps
(400 ms; £10-20 pA) were applied to the membrane in
order to test the hypothesis that the leptin-induced hyper-
polarization was associated with a modulation of neuronal
excitability. The hyperpolarization was accompanied by a
38.4% decrease in whole-cell input resistance, such that
the input resistance was reduced from 702.5 & 86.7 M2
in control ACSF to 432.8 £56.5 MQ in leptin (n=21;

\\ Membrane Potential (mV)

(Aw) wp sbueyd

Leptin [nM]
10 30 66 100

b

Voltage Change (mV
o

&

-104 (3)

Figure 2. Leptin induced a hyperpolarization of the resting membrane potential

A, current-clamp record depicting the characteristic hyperpolarization of an unidentified NTS neurone by leptin
(100 nm) at resting membrane potential (=56 mV). Arrows point to expanded portions showing the under-
lying EPSPs. The hyperpolarization was reversible within 10 min, with the membrane returning to —58 mV, and
repeatable in the same neurone. B, plot of hyperpolarization as a function of resting membrane potential. The
regression line reveals a correlation (r = 0.56) between the hyperpolarization amplitude and the resting membrane
potential of the cell. C, bar graph demonstrating the leptin-induced hyperpolarization in the neurone populations
examined in rats and mice. Unidentified, NTS neurones in normal ACSF; TTX, neurones recorded in the presence
of tetrodotoxin; PRV-152 EGFP, neurones labelled retrogradely from the stomach; Z. lean and Z. Obese, neurones
from Zucker rats; Cs*, recordings made with Cs* in the recording pipette; GAD67 EGFP, murine neurones that
expressed EGFP under a GAD67 promoter in transgenic mice; unidentified, non-labelled NTS neurones in transgenic
mice. Number of neurones for each group is indicated in parentheses. D, histogram showing the concentration
dependence of the response to leptin in unidentified NTS neurones. Number of replicates at each concentration is

in parentheses above each bar.
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n =16 from unidentified Sprague-Dawley rats and n=>5
from lean Zucker rats; Fig. 3). No change in whole-cell
input resistance was detected in obese Zucker rats
(666.7 £ 117.9 M2 in control ACSF to 643.2 &= 100.1 MQ
in leptin; n=3). Overshooting action potentials were
evoked by applying depolarizing current steps (10-20 pA).
The leptin-induced hyperpolarization was accompanied
by a decrease in action potential frequency in response
to depolarizing current injection (Fig. 3). Leptin therefore
activated a membrane conductance (i.e. a putative
K* current) and decreased the excitability of NTS
neurones.

Mechanisms of leptin-induced hyperpolarization

Leptin alters membrane potential via an ATP-sensitive K*
conductance in cell cultures and hypothalamic neurones

K. W. Williams and B. N. Smith
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et al. 2004), and this involved a phosphoinositide 3
kinase (PI3K)-mediated mechanism in hypothalamic cell
lines (Harvey et al. 1997) and hypothalamic brain slices
(Mirshamsi et al. 2004). In order to investigate whether
a similar conductance contributed to the leptin-induced
hyperpolarization in NTS neurones, tolbutamide was used
to block ATP-sensitive K channels and the selective PI3K
inhibitor, wortmannin, was used to test the contribution
of PI3K to the leptin-induced hyperpolarization. In 12
of 14 neurones tested, bath application of tolbutamide
(200 um) induced a 9.7£22mV depolarization
(n=12). In current-clamp configuration, rectangular
current steps (400 ms; +20pA) were applied to the
membrane in order to obtain a current-voltage (I-V)
plot. Subsequent linear regression analysis revealed
the reversal potential of the tolbutamide-induced
depolarization to be —93.1 £ 6.1 mV (n=>5), suggesting

(Spanswick et al. 1997; Spanswick et al. 2000; Mirshamsi  a decreased potassium conductance. Tolbutamide
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Figure 3. Leptin induced a decrease in whole-cell input resistance and responsiveness

A, current-clamp recording from an unidentified NTS neurone showing a decreased voltage deflection and action
potential firing in response to current injection after leptin application (100 nm). B, current versus voltage (V)
plot from an unidentified NTS neurone illustrating a characteristic decrease in input resistance subsequent to
leptin application. Arrows indicate responses before, during and after leptin application. C, plot demonstrating
decreases in whole-cell input resistance from the neurone groups examined. Asterisks indicate populations in
which a significant reduction in input resistance was observed (P < 0.05). D, current versus frequency (/-F) plot
demonstrates the leptin-induced suppression of action potentials in NTS cells that were also hyperpolarized (n = 9).
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prevented the leptin-induced hyperpolarization in five
neurones that had hyperpolarized during a prior
application of leptin (Fig. 4), implicating an ATP-sensitive
K" channel in the response to leptin. When bath
applied at resting membrane potential, wortmannin
(100-200 nm) induced a depolarization in 5 of 9 neurones
tested (3.3£0.5mV, n=5 RMP=-58.9+1.8mV).
By comparison, responses to tolbutamide in an
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Wortmannin  Tolbutamide Tolbutamide
in wortmannin
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equivalent range of resting membrane potentials
was 4.1+0.5mV (n=6; RMP=—-57.0+2.1mV). In
addition, wortmannin occluded the tolbutamide-induced
depolarization in five neurones in which wortmannin
was applied prior to tolbutamide (Fig.4), confirming
previous data showing that the ATP-sensitive K%
conductance required PI3K activation (Harvey et al.
2000a,b; Mirshamsi et al. 2004). Wortmannin inhibited

20 mV
200 s

200uM Tolbutamide

8 min

Normalized Response
(% Change)
&
(]

100nM Leptin

O

(&)

4)
*

(5)
W

Second leptin Tolbutamide Wortmannin

application

Figure 4. The sulphonylurea tolbutamide and the selective PI3K inhibitor wortmannin blocked the

leptin-induced hyperpolarization in NTS neurones

A, current-clamp recording at resting membrane potential showing a leptin-induced hyperpolarization (100 nm)
followed by tolbutamide (200 um) blockade of the leptin effect. Leptin superfusion (represented by horizontal
bar) resulted in a 5 mV hyperpolarization. After washout of leptin, addition of tolbutamide depolarized the cell
by 19 mV. Addition of leptin in the presence of tolbutamide had no effect. B, bar graph showing the effect of
tolbutamide and wortmannin alone on NTS cells and the lack of a tolbutamide effect when in the presence of
wortmannin (replicate number in parentheses above bars). Asterisk indicates wortmannin significantly occluded
the tolbutamide-induced depolarization (P < 0.05). C, tolbutamide or wortmannin prevented the leptin-induced
hyperpolarization. Plot indicates the response to a second application of leptin, normalized to the amplitude of the
hyperpolarization seen after the first application, which was made in normal ACSF. The response to the second
application in normal ACSF was not different from the first. Addition of tolbutamide or wortmannin prior to the
second leptin application resulted in a significantly reduced response to leptin (response 2 amplitude/response 1
amplitude x 100%). Asterisks indicate significant difference from first response to leptin (P < 0.05); numbers of

replicates are in parentheses.
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the leptin-induced membrane hyperpolarization by 72%
in four cells that had previously responded to leptin and
prevented the leptin-induced hyperpolarization in another
five neurones, implicating involvement of PI3 kinase in
the leptin-induced membrane hyperpolarization (Fig. 4).
Together, these data suggested that the leptin-induced
membrane hyperpolarization involved activation of an
ATP-sensitive Kt channel via a PI3 kinase-dependent
mechanism in NTS neurones.

Leptin effects on membrane potential
in gastric-related NTS neurones

Gastric-related neurones were identified for targeted
recordings after inoculation of the stomach wall
with PRV-152 and subsequent retrograde transsynaptic
labelling of NTS cells that projected to DMV motor
neurones, as previously described in detail (Glatzer
et al. 2003; Glatzer & Smith, 2005). Leptin application
(100 nm) caused a membrane hyperpolarization in 6 of 7
neurones expressing EGFP after PRV-152 inoculation
of the stomach (—5.8+1.3mV; Fig.2). Similar to
unidentified rat NTS neurones, the membrane hyper-
polarization was accompanied by a 35% decrease in
whole cell input resistance, such that the input resistance
was reduced from 666.7 £117.9 MQ in control ACSF
to 432.4+£101.1 MQ in leptin (n=6; Fig.3) and a
decrease in action potential frequency, indicating that
leptin suppressed the cellular activity of gastric-related
NTS neurones. Although a large majority of PRV-152
labelled neurones was hyperpolarized by leptin (86%),
the proportion of cells responding was not statistically
different from that of the unlabelled neurone population
(58%; NS; x2 test).

Effects on excitatory synaptic transmission
evoked from TS

A concentric bipolar stimulating electrode (125 pum
diameter) was placed over TS to test the hypothesis that
leptin suppresses primary viscerosensory input to NTS
neurones, recorded in voltage-clamp mode. Subsequent
to TS stimulation, 6 of 14 neurones from unidentified
rats received short- and constant-latency-evoked EPSCs
(variability < 0.5 ms within a recording; onset latency =
4.1 0.3 ms; n==6). Of these six neurones, three were
recorded using K* as the primary intracellular cation and
three were recorded using Cs™ as the major cation. Leptin
(100 nm) induced a hyperpolarization in each of the three
neurones thatboth received constant-latency TS excitatory
input and were recorded with K™ as the major intra-
cellular cation, suggesting a leptin-induced inhibition of
neurones that receive primary viscerosensory input.
Leptin also reversibly diminished the amplitude of

J Physiol 573.2

constant-latency evoked EPSCs in 5 of 6 neurones from
—89.0 £ 20.3 pA in control ACSF to —62.9 £ 18.7 pA in
leptin (29.4% decrease from control; n=>5; P < 0.05,
paired ttest; Fig.5). Of these neurones, three were
CsT-loaded, suggesting the effect of leptin on evoked
EPSC amplitude was not simply due to a change in
input resistance secondary to postsynaptic leptin receptor
activation. The PPR was examined in order to assess
whether leptin may have acted presynaptically to suppress
constant-latency EPSCs. Stimuli paired at 25-50 Hz
revealed a paired-pulse depression in EPSC amplitude,
where the amplitude of the second evoked EPSC was
smaller than the first, typical of putative second order
viscerosensory neurones (Miles, 1986; Smith et al. 1998;
Doyle & Andresen, 2001). Bath application of leptin
suppressed the amplitude of the first evoked EPSC to
a larger degree than the second in all affected cells,
revealing an increase in the paired-pulse ratio from
0.57 + 0.05in control ACSF t0 0.75 % 0.06 inleptin (n = 5;
P < 0.05, ttest; Fig. 5). Other neurones (n=8) received
input of variable and/or long latency associated with the
stimulus (latency > 6 ms; latency variability > 0.5 ms).
Bath application of leptin decreased the amplitude of
EPSCs in four of these eight NTS neurones, including two
of three PRV-152 EGFP-labelled NTS neurones. These data
indicated that leptin decreased excitatory input evoked by
stimulation of the TS.

Effects on spontaneous excitatory
synaptic transmission

The effects of leptin on spontaneous excitatory post-
synaptic potentials (sEPSPs) were analysed in seven
unidentified rat NTS neurones. Neurones were recorded
at resting membrane potential in current-clamp mode.
Leptin (100 nm) decreased the frequency of depolarizing
postsynaptic potentials in four of seven neurones
(P < 0.05; Kolmogorov-Smirnov test). In these four
neurones, the frequency of sEPSPs was reduced from
2.8 £0.6 Hz in control ACSF to 1.9+ 0.7 Hz in leptin
(32.6% decrease from control; n=4; P < 0.05; paired
t test), with synaptic input to the remaining three cells
being unchanged. The amplitude of depolarizing post-
synaptic potentials in these seven neurones was variably
affected, being suppressed in two neurones, enhanced in
three neurones, and unchanged in the remaining two cells.
These data indicated a suppression of overall excitatory
synaptic input in the NTS.

In order to better describe the effects of leptin on
excitatory synaptic activity in the absence of voltage
fluctuations, neurones were voltage-clamped at —65 mV,
allowing for examination of spontaneous inward post-
synaptic currents (Fig. 6). As previously described (Smith
et al. 1998; Kawai & Senba, 2000; Doyle & Andresen, 2001;
Glatzer et al. 2003; Jin et al. 2004; Glatzer & Smith, 2005),
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these inward postsynaptic currents were distinguished
from small outward currents by their polarity, were
blocked by CNQX and AP-5, reversed polarity near 0 mV,
and thus were considered to be glutamatergic spontaneous
excitatory postsynaptic currents (SEPSCs). The frequency
of sSEPSCs under normal conditions was 5.0 £ 1.1Hz. With
a similar time course to the leptin-induced membrane
hyperpolarization (i.e. <5 min after application), leptin
(100 nm) decreased the frequency of SEPSCs in 7 of 10
NTS neurones in normal rats from 4.9 4= 0.9 Hz in normal
ACSF to 3.1£0.7Hz in leptin (37.3% decrease from
control; P < 0.05; paired ¢ test; n = 7; Fig. 6). A decrease in
sEPSC amplitude was observed in 3 of 10 NTS neurones
from —23.6 + 1.9 pA in normal ACSF to —18.5 + 1.5 pA
in leptin (21.6% decrease from control; n=3), but the
overall amplitude was unaffected (—28.4+3.3pA in
control ACSF to —27.1 £4.2 pA in leptin; n=10; NS,
paired ¢ test). Effects on synaptic activity were reversible
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within a recording for five of these neurones such
that the frequency after washing to control ACSF was
4.7+ 1.5Hz (n=>5). In order to assess effects on iso-
lated EPSCs, the effect of leptin was examined in the
presence of picrotoxin or bicuculline, which blocked
IPSCs, in an additional six neurones. A significant
decrease in SEPSC frequency was observed in four
cells, from 4.6+ 1.2Hz in ACSF containing GABA,
receptor antagonists to 2.6+ 1.6Hz in leptin (42.0%
decrease from control; P < 0.05; Kolmogorov-Smirnov
test). This suggested that a leptin-induced suppression of
NTS excitatory synaptic activity occurred independently
of any GABA,-receptor-mediated influence on overall
spontaneous excitatory synaptic transmission, which can
be significant in the NTS (Smith et al. 1998).

A significant decrease in sEPSC frequency was also
observed in 3 of 5 PRV-152 EGFP-labelled cells from
2.440.7Hz in control ACSF to 1.6 +0.5Hz in leptin
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Figure 5. Leptin suppressed constant-latency EPSCs evoked after TS stimulation

A, traces showing the average response to TS-evoked EPSCs before, during, and 10 min after perfusion of leptin
(100 nm; Vi = —65 mV). Pairs of pulses were generated 30 ms (33 Hz) apart, resulting in EPSCs with characteristic
paired-pulse depression of the second and subsequent pulses. B, percentage suppression of evoked EPSC amplitude
of the first response to TS stimulation. Evoked EPSC amplitude was significantly reduced by leptin. C, shown is a
significant increase (asterisks; P < 0.05, t test) in the paired-pulse ratios (PPR) of TS stimulation (numbers of cells

are in parentheses).
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(35.2% decrease from control; P < 0.05; n = 3), indicating
that a suppression of excitatory synaptic activity occurred
in gastric-related neurones. A leptin-induced suppression
of sSEPSC frequency was observed in cells from lean Zucker
rats (33.2% decrease from control; 2.5 &= 1.2 Hz in normal
ACSF to 1.7 = 0.8 Hz in leptin; P < 0.05; 4 of 5 cells), but
not in cells from obese Zucker rats (1.6 = 0.6 Hz in normal
ACSF to 1.7 + 0.5 Hz in leptin; NS; n = 3). Cumulatively,
the population of neurones recorded in the rat NTS,
including responsive and non-responsive cells from
both unlabelled neurones and PRV-152 EGFP-labelled
neurones in Sprague-Dawley and Zucker lean rats,
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exhibited an overall 22.4% decrease in SEPSC frequency
from control (4.9 + 0.8 Hzin control ACSFt0 3.8 0.7 Hz
in 100 nM leptin; n=26; P < 0.05, paired ¢ test), with no
change in sEPSC amplitude (2.2% decrease from control;
27.2 &+ 1.9 Hz in control ACSF to 26.6 & 2.3 Hz in leptin;
n=26; NS; paired ¢ test; Fig. 6).

Effects on miniature EPSCs
To investigate the possible location of receptors responsible

for the decrease in sEPSC frequency, we analysed
the effect of leptin on miniature EPSCs (mEPSCs)
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Figure 6. Leptin suppressed spontaneous EPSC (sEPSC) frequency

Aa, spontaneous EPSCs recorded in unidentified NTS neurone before, during, and after washout of leptin (100 nw;
Vm = —65 mV). b, expanded continuous portions of corresponding traces in A. B, cumulative fraction plot shows
a significant decrease in the frequency but not amplitude of spontaneous EPSCs (P < 0.05). C, plots indicating
leptin-induced changes in sEPSC frequency and amplitude observed in the neurone population (n = 26). Asterisks

indicate significant changes (P < 0.05).
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in unidentified NTS neurones. In the presence of
TTX (2 um), which blocked action potential-dependent
synaptic activity, mEPSC frequency was 4.6 +1.3Hz
(n=6; Fig. 7). In 4 of 6 neurones, application of leptin
(100 nMm) significantly decreased the frequency of mEPSCs
(P < 0.05; Kolmogorov-Smirnov test; Fig.7). In these
neurones, the frequency was reduced from 5.2+ 1.9 to
3.6+ 1.3Hz (25.5% decrease from control; P < 0.05;

Leptin modulation of NTS neurone activity 405

n=4). No change in frequency was observed in the
remaining two cells. There was no accompanying change
in mEPSC amplitude (23.0 & 2.7 pA in normal ACSF to
23.2£2.7 pA in 100 nm leptin; NS, ¢ test; n= 6; Fig. 7).
This implied that leptin may act at receptors on terminals
presynaptic to the recorded neurone. Leptin effects on the
frequency of mEPSCs were significantly different from the
leptin suppression of SEPSC frequency (25.5% decrease
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Figure 7. Leptin suppressed miniature EPSC (mEPSC) frequency

Aa, miniature EPSCs recorded within unidentified NTS neurone before, during and after washout of leptin (100 nw;
Vm = —65 mV). b, expanded portions of corresponding traces in A. B, cumulative fraction plot shows a significant
decrease in the frequency and no change in amplitude of mEPSCs. C, plots indicating leptin-induced changes
in mEPSC frequency and amplitude observed in 6 neurones. Asterisks indicate significant changes (P < 0.05) in

frequency, but not amplitude.
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from control in TTX versus 37.3% decrease from control
in normal ACSF; P < 0.05; unpaired f test), suggesting
leptin may act at both terminal and soma/dendritic loci
on afferent neurones.

Mechanism of effects on synaptic transmission

Neurones in the NTS were exposed to wortmannin to
determine if leptin suppressed excitatory synaptic input
via a mechanism similar to its effects on membrane
potential. In the presence of wortmannin (100-200 um),
leptin (100 nm) failed to influence the frequency of sEPSCs
inany of 10 cells. The frequency of SEPSCs was 5.9 = 1.3 Hz
in ACSF containing wortmanninand 6.0 & 1.2 Hzin ACSF
containing both leptin and wortmannin (n=10; NS;
paired ¢ test).

To determine if the suppression of EPSCs reflected a
decrease in overall fast synaptic activity, we examined
leptin effects on the frequency and amplitude of sIPSCs in
unidentified NTS neurones. Since leptin decreased sEPSC
frequency in most cases, CNQX and AP5 were used to
isolate effects on GABAergic input from possible effects
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on glutamatergic networks. Bath application of leptin
(100 nm) failed to influence the frequency of sSIPSCs in NTS
neurones (1.4 + 0.4 Hz in normal ACSF to 1.3+ 0.2 Hz
in leptin; NS; n=19; Fig. 8). Leptin also failed to affect
the amplitude of sIPSCs (4.4% decrease from control; NS,
paired f test; n=9). These data indicated that leptin had
little effect on inhibitory synaptic input to NTS neurones.

Leptin effects on membrane potential of murine
GABAergic NTS neurones

The findings above suggested a relatively selective
inhibition of glutamatergic, but not GABAergic synaptic
activity within the NTS by leptin. Since a substantial
component of the GABAergic input to NTS neurones is
likely to be of local origin (Smith et al. 1998; Glatzer
& Smith, 2005), we hypothesized that leptin would not
alter the membrane potential of GABAergic neurones
in the NTS. Transgenic GIN mice were used to test the
membrane effects of leptin on GAD67/EGFP-expressing
and non-GAD67/EGFP-expressing neurones within the
NTS in current-clamp mode. Bath application of leptin
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Figure 8. Leptin had no effect on spontaneous IPSC frequency (sIPSC)

Aa, spontaneous IPSCs observed in this unidentified neurone before, during and after superfusion of leptin (100 nw;
Vm = =15 mV). b, expanded portions of corresponding traces in A. B, cumulative fraction plot shows no significant
change in sIPSC frequency in response to leptin (P > 0.05). C, percentage change of sIPSC frequency and amplitude

in response to leptin application (P > 0.05).
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(100 nm) resulted in no change of membrane potential in
6 of 7 GAD67/EGFP-expressing neurones in GIN mice (the
remaining neurone hyperpolarized by 3 mV). Conversely,
leptin caused a rapid hyperpolarization of —7.6 & 0.9 mV
in 4 of 6 unlabelled neurones recorded in slices from
the same GIN mice, implicating a leptin-induced hyper-
polarization of non-GAD67/EGFP-expressing neurones
in the NTS (Fig. 2). The hyperpolarization in unlabelled
neurones was accompanied by a 31.7% decrease in
whole-cell input resistance, such that the input resistance
was reduced from 1249.8 +382.1 MQ2 in control ACSF
to 853.9 £ 348.6 MQ in leptin (n=4). No effect was
detected on SEPSP frequency in labelled or unlabelled
neurones. These data indicated that, as in rat, leptin hyper-
polarized unlabelled NTS neurones in mice. However,
leptin had no effect on the membrane potential of
GAD67/EGFP-expressing, GABAergic neurones.

Discussion

Leptin is secreted from adipose cells and has been shown
to suppress feeding over several hours when injected
centrally or peripherally (Yuan et al. 1999; Grill et al.
2002). The predominant effects of leptin on NTS neurones
were a membrane hyperpolarization and/or inhibition of
excitatory synaptic input. Leptin effects occurred with an
onset < 5 min, similar to effects on membrane potential
observed in hypothalamic neurones (Spanswick et al.
1997; Cowley et al. 2001), but much shorter than many
analyses of leptin effects on feeding. Effects were evident
in neurones that responded to stimulation of primary
afferents as well as those related to premotor control of
the stomach, but they were not limited to these identified
sets of cells. Effects were not observed in a subset of putative
inhibitory neurones, and inhibitory synaptic activity was
not affected, suggesting relatively selective actions of leptin
on excitatory neurones and circuits involved in rapid
modulation of autonomic behaviours.

Membrane effects

Excluding GABAergic neurones and neurones from Zucker
obese rats, approximately 60% of all NTS neurones
were hyperpolarized in response to leptin superfusion.
The hyperpolarization was observed in the presence of
TTX, and thus occurred independent of action potentials
in afferent neurones, implying a direct effect on the
soma/dendritic membrane. The hyperpolarization was
accompanied by a decrease in input resistance, which
revealed an increased ionic conductance that reversed
near the KT equilibrium potential and was absent when
intracellular Cs™ was present. These results are consistent
with the hypothesis that leptin hyperpolarized NTS
neurones by enhancing a resting K™ conductance. For
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those cells identified as gastric-related, putative pre-
motor NTS neurones by virtue of their being trans-
synaptically labelled after PRV-152 inoculation of vagal
terminal fields in the stomach (Glatzer et al. 2003;
Glatzer & Smith, 2005), the percentage of neurones hyper-
polarized by leptin was slightly higher (86%) than for
the unidentified pool of cells (58%). Although this was
not a significant difference, the result provides positive
evidence supporting the hypothesis that leptin alters
membrane properties of gastric-related neurones. It is
possible that many unidenfied neurones were actually
gastric-related and were therefore affected similarly to the
identified cells. Alternatively, neurones controlling output
to other viscera or regulating viscerosensory information
from a variety of systems in the thorax and abdomen
might also be modulated by the peptide. This raises
the possibility that leptin’s influence on parasympathetic
functions may not be limited to feeding mechanisms, but
might influence autonomic functions in general (Elias
et al. 2000). Leptin effects were also examined in neuro-
nes from a transgenic mouse which express EGFP in
a subset of GAD67-expressing cells (Oliva et al. 2000).
These cells are presumed to be GABAergic. Although
their distribution resembles that of GAD67 or GABA
immunolabelled neurones in the NTS (Izzo et al. 1992),
GADG67/EGFP-expressing neurones may not represent the
entire GABA neurone population in the NTS. Even so,
GADG67/EGFP-expressing murine neurones were largely
unresponsive to leptin, whereas unlabelled neurones in
mice responded to leptin in a similar manner to those
in rats. Together with the relative absence of effect on
sIPSCs, these data suggest an inhibition of gastric-related
and non-GABAergic NTS neurones, which may contribute
tolocal circuit control within the NTS or vagal complex. As
such, leptin would be expected to suppress viscerosensory
and other information related to visceral autonomic
function, including gastric regulation, via actions at the
level of the NTS.

Leptin has been shown to induce a membrane hyper-
polarization by activating BK channels in the hippocampus
(Shanley et al. 2002a,b) or ATP-sensitive Kt channels in
cell lines (Harvey et al. 1997, 2000a; Levin, 2001) and
in hypothalamic neurones (Spanswick et al. 1997, 2000;
Mirshamsi et al. 2004), both via a PI3 kinase-dependent
mechanism. Application of tolbutamide, a sulphonylurea
drug that blocks ATP-sensitive K™ channels, depolarized
NTS neurones, suggesting the presence of a ‘leak’
ATP-sensitive KT channel in these cells. Pre-application
of tolbutamide prevented the leptin-induced hyper-
polarization, indicating that leptin enhanced conductance
through this channel. Application of wortmannin,
a selective PI3 kinase inhibitor, also depolarized
NTS neurons and occluded the tolbutamide-induced
depolarization, implicating PI3 kinase in the constitutive
activation of a ‘leak’ ATP-sensitive K™ channel in these
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cells, consistent with previous observations (Harvey
et al. 2000a,b; Mirshamsi et al. 2004). Pre-application
of wortmannin prevented the leptin-induced hyper-
polarization, implicating PI3 kinase in the intracellular
cascade mediating the response. This hyperpolarization
was not observed in obese Zucker rats (fa/fa), which have
a single point mutation in the long form of the leptin
receptor (Ob-Rb), resulting in decreased leptin receptor
expression, variable leptin binding affinity, and reduced
activation of intracellular signalling cascades subsequent
to leptin binding (Chua et al. 1996a,b; Rosenblum et al.
1996; White et al. 1997; Yamashita et al. 1997; Da Silva
et al. 1998). Leptin therefore appears to hyperpolarize
NTS neurones subsequent to binding the type I cytokine
receptor, Ob-Rb, which then activates an ATP-sensitive K+
channel via a PI3 kinase mechanism.

Synaptic effects

In addition to its release by vagal afferents, glutamate is
released subsequent to activation of glutamate neurones
intrinsic to the NTS (Smith et al. 1998; Glatzer & Smith,
2005), and probably also arising from elsewhere in the
brain. Bath application of leptin suppressed the frequency
of spontaneous glutamatergic EPSCs in the NTS. A
suppression of SEPSC amplitude was also observed in some
neurones, which could indicate a pre- or postsynaptic
site of action. Application of wortmannin prevented the
leptin-induced suppression of sEPSCs, implicating PI3
kinase in mediating the response. We would hypothesize
that the same mechanism responsible for the hyper-
polarization would contribute to the synaptic suppression,
but this has yet to be substantiated. Leptin suppressed
the frequency but not amplitude of mEPSCs, implying a
presynaptic action on terminals contacting NTS neurones.
Leptin suppressed the amplitude of constant-latency
EPSCs evoked after stimulation of TS, indicating that it
suppressed glutamate-mediated primary viscerosensory
input, which includes gastric viscerosensory input. There
was a consistent increase in the PPR, which also argues
for a presynaptic site of action at the level of primary
vagal afferent terminals in the NTS. The difference
in degree of suppression between sEPSC and mEPSC
frequency suggests leptin acts both on soma/dendrites
of intact glutamatergic neurones, consistent with the
observed hyperpolarization of NTS neurones, as well as on
glutamatergic terminals to diminish synaptic excitation.
Previous studies have implicated a modulatory role of
leptin in the PVN (Powis et al. 1998), which might also
contribute glutamatergic input to the NTS. The specific
modulation of neuronal terminals and cell bodies within
the NTS provides an additional level of leptin action on this
autonomic neural circuitry. Notably, sIPSCs were mainly
unaffected by leptin. The absence of membrane effects on
GADG67/EGFP-expressing NTS neurones further suggests
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that leptin does not significantly affect local GABAergic
synaptic transmission. Rather, leptin relatively selectively
inhibited glutamatergic synaptic connections in the NTS.
Preliminary evidence also suggests that leptin suppresses
excitatory, but not inhibitory, input to motor neurones
in the DMV, further implying a preferential effect of the
peptide on glutamatergic circuits in the vagal complex
(Williams & Smith, 2005).

Relationship to feeding

Physiologically, it is difficult to understand the cumulative
effects of leptin in the whole animal due to the lack
of cellular data, and rapid effects of the peptide on the
scale of those identified here have never been studied
in vivo. Classically, increases in feeding are accompanied
by increases in gastric motility, while the cessation of
feeding is preceded by the expansion of the stomach and
decreased gastric motility (Abrahamsson & Jansson, 1969;
Rogers & Hermann, 1987). Moreover, initial satiety signals
triggered by gastric distension are thought to involve
increased glutamate-mediated viscerosensory afferent
activity to the NTS, presumably activating second-order
neurones that alter motor output to the gut. However,
correlates of cellular activity are not always predictive
of visceral system behaviour, partly because of the
different pathways involved in gastric control at the level
of the stomach and other viscera (e.g. the inhibitory
non-adrenergic non-cholinergic (NANC) and excitatory
cholinergic pathways). Further, DVC activity regulates
several organs, and thus any change in activity of the
NTS does not necessarily implicate a specific change in
gastric activity. However, our data are consistent with the
hypothesis that leptin directly modulates neurones known
to control gastric function, regardless of any possible
associations with other visceral systems.

The NTS is made of a heterogeneous population of
neurones with regard to morphology, electrical properties,
and phenotype. Neuronal populations of the hypo-
thalamus have been shown to have phenotype-specific
responses to leptin (Cowley et al. 2001), with NPY
neurones being inhibited and POMC neurons being
excited. Leptin inhibits the majority of neurones in the
NTS — both directly via a membrane hyperpolarization
and/or indirectly by suppressing excitatory synaptic input.
Inhibition of putative glutamatergic neurones that in turn
project to the DMV would be expected to decrease activity
of DMV neurones. Depending on the pathway (i.e. NANC
versus non-NANC) this may increase or decrease gastric
motility, with a decrease in gastric motility being the
classical response. Leptin influences in the dorsal brain-
stem have previously been associated with long-term
suppression of food intake and weight gain, measured
hours to days after leptin treatment (Smedh et al. 1998;
Grill et al. 2002). However, the rapid (< 5 min) effects of
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leptin observed here are most likely not directly associated
with longer metabolic changes. Rather, they probably
report a faster feed-back response to changing leptin
levels.

There has been long-standing interest in understanding
glucose sensitivity in neurones (i.e. ‘the glucostatic
hypothesis’), including neurones that are receptive to
adiposity signals, such as leptin and insulin (Mayer,
1953; Seeley & Woods, 2003; Elmquist et al. 2005). A
leptin-induced activation of an ATP-sensitive K channel
within the NTS is analogous to effects of lowering
glucose in the NTS (Ferreira et al. 2001). The apparent
utilization of a common ionic mechanism for glucose- and
leptin-sensing NTS neurones may be related to proposed
interactions between leptin and other regulators of energy,
including glucose metabolism (Schwartz & Porte, 2005).

Due to leptin’s effects in the NTS — and in particular
gastric-related putative premotor neurones — the rapid
responses to leptin can be associated with neurones
identified to be directly involved in the process of feeding
and ingestion. Direct association with gut control has not
been made in studies of other neurones, including those
in the hypothalamus. It is also possible that some of the
unidentified NTS neurones affected by leptin represent a
population of gut-related neurones that were simply not
labelled by the virus. Additionally, effects on neurones
related to cardiovascular, hepatic, or pancreatic regulation
are also possible and may be more closely related to
autonomic effects of leptin on blood pressure, glucose
production, and insulin sensitivity (Schwartz & Porte,
2005) instead of or in addition to those on feeding
behaviours.

Excitation versus inhibition

c-fosis an immediate early gene, which has been associated
with increased cellular excitability due to its presence in
areas known to have increases in intracellular calcium
or cAMP. Central or peripheral administration of leptin
results in a sparse distribution of c-fos within the NTS,
implicating a leptin-induced excitation in a relatively
small number of cells (Elmquist et al. 1998; Elias et al.
2000). However, evaluating message for c-fos is an indirect
measure of cellular activity and is a method in which
cellular inhibition (e.g. hyperpolarization, diminished
glutamatergic input) cannot be identified. Also, leptin
has been shown to increase excitability of NTS neuro-
nes subsequent to a gastric load, which increased vagal
afferent input (Schwartz & Moran, 2002). However, those
responses were found in a subset of NTS neurones two or
more hours after third ventricle administration, suggesting
the long-term effects of a leptin bolus in response to a
gastric load is the eventual activation of some neurones in
the NTS. Such responses are not likely to be due to direct
actions of leptin, but probably instead reflect metabolic
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changes induced considerably after the initial response to
the peptide. Only a small proportion of neurones (~13%)
responded with a depolarization, consistent with the sparse
c-fos distribution or unit activity in the NTS subsequent
to central or peripheral administration of leptin. However,
the major rapid cellular effects of leptin in the NTS are a
membrane hyperpolarization and a decrease in excitatory
synaptic activity in the NTS, both of which would result
in a net inhibition of cellular activity. It is likely that the
rapid effects seen here and the slow effects seen previously
represent two distinct phases of leptin activity within the
brainstem. Whether they are interrelated and/or reflect
real cellular correlates of feeding and ingestion remains
in question. The reported leptin-induced long-term effect
is a decrease in food intake. It is possible that the rapid
effects of leptin act to initiate suppression of gastric activity
or otherwise alter ingestive behaviours during a meal. The
apparent immediate and delayed effects implicate leptin in
regulating multiple phases of digestion. The rapid effects
may also reflect a function for leptin in decreasing overall
parasympathetic tone.

Hypothalamus or brainstem?

The hypothalamus is regarded as a key site for study of
homeostatic modalities. Since leptin’s discovery, there has
been a heavy emphasis on understanding leptin’s effects on
hypothalamic activity, whereas relatively few studies have
examined effects on other central autonomic regions like
the DVC (Grill et al. 2002; Schwartz & Moran, 2002). This
may have been due to the initial description of message
for the leptin receptor as ‘low density and inconsistent’
within the NTS (Elmquist et al. 1998). Recent use of
fluorescence in situ hybridization (FISH) for the leptin
receptor within the NTS described approximately 30%
of NTS neurones as expressing message for the leptin
receptor (Grill et al. 2002). We attributed responses to
postsynaptic receptor location in approximately 58% of
cells and to presynaptic location in a similar proportion
(66%), consistent with the widespread distribution of
Ob-Rb immunoreactivity. Given that leptin is peripherally
produced, that message and protein for the leptin receptor
have been described within the NTS, and that fenestrated
capillaries are abundant in the AP and NTS (Gross et al.
1990; Gross et al. 1991), the NTS is a good candidate
for rapid leptin-induced responses. Also, fourth ventricle
administration or microinjection of leptin into the NTS
alone is sufficient to suppress food intake and weight
gain (Grill et al. 2002), suggesting a role for leptin
in regulating ingestion by acting at the level of the
DVC, possibly independent of any direct effects in the
hypothalamus. Most studies have focused on long-term
metabolic changes, with only a few having studied
immediate membrane effects of the peptide (Harvey et al.
1997; Spanswick et al. 1997; Harvey et al. 2000a; Cowley
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et al. 2001). The data presented here support a role for
leptin in the rapid suppression of excitatory synaptic input
and direct cellular inhibition of neurones in the NTS,
which are critical modulators of gastric and other visceral
functions. Thus, while the hypothalamus is a critical
regulator of feeding homeostasis, present data implicate
the DVC as a potentially important substrate for the
cellular actions of leptin in regulating gastric and other
autonomic functions.
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